Tissue development is controlled by nuclear factors that coordinate lineage-specific programs of gene expression. In addition to regulating protein-coding genes, transcription factors also specify the production of microRNAs (miRNAs), small noncoding RNAs that typically inhibit protein production by binding the 39 untranslated region (UTR) of specific target mRNAs via imperfect WatsonCrick base-pairing (for reviews, see Bartel 2004; Ambros 2008; Carthew and Sontheimer 2009) . This interaction recruits the RNA-induced silencing complex (RISC) of proteins that promote nucleolytic cleavage and/or inhibit translation of target mRNAs. miRNAs were discovered initially in Caenorhabditis elegans, and, soon thereafter, were found to be highly conserved throughout metazoan evolution. It is estimated that vertebrate genomes encode ;1000 miRNAs that are expressed in unique tissue and developmental-specific patterns. By regulating protein production post-transcriptionally, miRNAs influence the formation and function of most or all tissues. In addition, some miRNAs act as oncogenes or tumor suppressors. However, the regulation of most miRNAs and their precise mechanisms of action are not known. Numerous transcription factors and extensive post-transcriptional processing regulate miRNA synthesis. Moreover, most miRNAs have many targets, and most mRNAs are potentially regulated by more than one miRNA. Thus, miRNAs represent a complex and powerful mechanism for orchestrating protein synthesis. One method to study the function of specific mammalian miRNAs is to delete the corresponding genes in mice, although relatively few have been studied in this manner.
Several lines of evidence indicate that miRNAs regulate red blood cell production (erythropoiesis), a topic of relevance to developmental hematopoiesis and the pathophysiology of human anemias. For example, hematopoietic-specific ablation of Argonaut 2 (Ago2), a RISC component, causes severe anemia and impaired erythropoiesis (O'Carroll et al. 2007 ). miR-24 inhibits erythropoiesis by repressing production of the activin type I receptor ALK4 . miR-221 and miR-222 modulate erythroid maturation by down-regulating c-Kit, the cytokine receptor for stem cell factor (SCF, kit ligand) (Felli et al. 2005) . Despite these advances, comprehensive understanding of how miRNAs control erythropoiesis and erythrocyte functions is lacking.
Recently, we reported that the essential erythroid transcription factor GATA-1 directly activates a bicistronic miRNA locus encoding miR-144 and miR-451 (Dore et al. 2008) . These miRNAs are strongly induced during zebrafish, mouse, and human erythroid maturation (Bruchova et al. 2007; Choong et al. 2007; Masaki et al. 2007; Zhan et al. 2007; Dore et al. 2008; Merkerova et al. 2008; Du et al. 2009; Fu et al. 2009; Pase et al. 2009; Papapetrou et al. 2010) . miR-451 is also present in mature circulating red blood cells (Kloosterman et al. 2006; Rathjen et al. 2006 ). Overexpression of miR-451 augments chemical-induced maturation of murine erythroleukemia (MEL) cells. Conversely, miR-451/miR-144 antagonists inhibit erythroid maturation in MEL cells, in hematopoietic stem cells reintroduced into mice (Papapetrou et al. 2010) , and in zebrafish embryos (Dore et al. 2008; Du et al. 2009; Pase et al. 2009 ). In zebrafish, miR-451 targets mRNA encoding transcription factor gata2 (Pase et al. 2009 ), and miR-144 regulates the production of embryonic a-globin indirectly by inhibiting klfd, a Kruppel-like DNA-binding protein Du et al. 2009 ). However, these pathways are not completely conserved in mammals, and the overall function of the miR-144/451 locus in erythropoiesis is not known for any organism.
To better define the functions of miR-144/451, we deleted the DNA-coding regions of both miRNAs in mice. At baseline, this mutation causes mild erythrocyte instability with hemoglobin precipitates (Heinz bodies), and expansion of erythroid precursors in the bone marrow and spleen. Moreover, loss of miR-144/451 exacerbates the deleterious effects of oxidative stress on erythroid cells. Transcriptome analysis of mutant erythroblasts indicates that miR-144/451 regulates the expression of many genes. The current study focuses on mechanisms by which miR-451 protects erythroid cells against oxidant injury. Specifically, miR-451 directly targets Ywhaz mRNA, which encodes the phospho-serine/threoninebinding protein 14-3-3z. Loss of miR-451 causes abnormal buildup of 14-3-3z, which in turn inhibits the activity of transcription factor FoxO3 by partially suppressing its nuclear localization. This impairs the expression of numerous FoxO3-regulated genes, including anti-oxidant enzymes. Our findings illustrate a new miRNA-regulated pathway that protects erythroid cells from oxidant stress.
Results

Erythroid abnormalities in miR-144/451
À/À mice
To examine the role of miR-144 and miR-451 in murine erythroid development, we deleted a contiguous gene segment encoding both miRNAs (Supplemental Fig. 1 ). Homozygous null animals were born at a normal Mendelian ratio (Supplemental Table 1 ), bred normally, and displayed no obvious physical abnormalities. Mature miR-451 was undetectable in spleen and bone marrow of homozygous null animals (Supplemental Fig. 1C ; data not shown). Automated hematology analysis of miR-144/451
À/À mice revealed mild anemia and reticulocytosis with increased red cell distribution width (RDW), reflecting size variation (Table 1) . No abnormalities in white blood cell or platelet counts were observed (data not shown).
Blood smears of mutant mice showed polychromasia, indicating young red blood cells, with erythrocyte shape irregularities and occasional inclusions (Fig. 1A , left panels). Heinz bodies, reflecting precipitated hemoglobin, were present in miR-144/451 À/À erythrocytes (Fig. 1A , right panels), similar to what was observed after global hematopoietic inhibition of miRNA processing by ablation of Ago2 (O'Carroll et al. 2007 ). Levels of a-globin and b-globin mRNAs were not altered in mutant erythroblasts (Fig. 3B, below) . Membrane-associated globins in circulating knockout erythrocytes were very mildly increased, with a and b present in equal proportion (data not shown). These data indicate that the Heinz bodies are not caused by globin chain imbalance.
The spleens from miR-144/451 À/À mice were enlarged about twofold (Fig. 1B) . Histology showed erythroid hyperplasia that was mild in the bone marrow and more marked in the spleen (Supplemental Fig. 2) . In both tissues, there was mild to moderate accumulation of large immature erythroid precursors relative to smaller, more mature erythroblasts. However, flow cytometry analysis of bone marrow (Supplemental Fig. 3 ) and spleen (Supplemental Fig. 4 ) showed similar distributions of the erythroid developmental stage markers CD71, Ter119, and forward scatter (FSC) (Socolovsky et al. 2001; Liu et al. 2006 ) in wild-type and mutant tissues. The reasons for these differences between flow cytometry and histological data are unclear. It is possible that immature mutant erythroblasts are relatively fragile and preferentially lysed by collection and processing for flow cytometry. Regardless, our overall findings suggest that loss of miR-144/451 induces mild destruction of circulating erythrocytes and expansion of precursor compartments in the bone marrow and, to a greater extent, in the spleen.
miR-144/451 protects against oxidant stress
We examined how loss of miR-144/451 affects responses to erythroid stress by treating mice with phenylhydrazine (PHZ), an oxidant that induces denaturation of hemoglobin, resulting in rapid erythrocyte destruction (hemolysis). Compared with wild-type littermates, miR-144/ 451 À/À mice exhibited more rapid and profound decreases in hematocrit levels and subsequent delayed recovery (Fig. 1C) . The greater decline in hematocrit within the first few days after PHZ reflects enhanced hemolysis of mutant erythrocytes. The delayed recovery suggests that mutant erythroid precursors mature abnormally and/or are more susceptible to PHZ-induced injury. Upon exposure to hydrogen peroxide (H 2 O 2 ), a physiological reactive oxygen species (ROS) precursor, miR-144/451 À/À erythrocytes exhibited increased accumulation of ROS ( Fig.   1D ) and enhanced lysis (Fig. 1E ) compared with controls. Moreover, the activity of catalase, a key H 2 O 2 -degrading enzyme, was reduced by ;50% in the mutant cells (Fig.  1F) . In methylcellulose colony assays, the formation of burst-forming unit erythroid (BFU-e)-type colonies from mutant bone marrow progenitors was inhibited selectively by buthionine sulfoximine (BSO), a pro-oxidant that depletes cells of glutathione (Fig. 1G) . In contrast, sensitivity to inhibition by BSO was similar in granulocyte-macrophage colonies from wild-type and miR-144/ 451 À/À hematopoietic progenitors (data not shown). Together, these findings indicate that the miR-144/451 gene protects erythroid cells against oxidant stress.
Loss of miR-451 enhances oxidant-induced anemia in zebrafish
Previously, we reported that morpholino (MO)-induced knockdown of miR-451 causes profound anemia in zebrafish embryos (Dore et al. 2008) . These experiments were performed in the presence of 1-phenyl-2-thiourea (PTU), a tyrosinase inhibitor that blocks melanin synthesis to facilitate visualization of internal embryo structures (Karlsson et al. 2001) . PTU contains a free thiol group capable of electron capture, and induces oxidant stress in several experimental systems (Das and Chainy 2004; Bonfigli et al. 2006; Zamoner et al. 2008) . In light of the current findings in mice, we compared the effects of miR-451 MO with and without PTU on zebrafish erythropoiesis. miR-451 MO synergized with PTU to induce profound anemia, while either treatment alone had minimal effects ( Fig. 2A; Supplemental Fig. 5A ). Addition of the anti-oxidant N-acetyl cysteine (NAC) largely restored accumulation of erythroid cells in PTU-treated miR-451 morphants ( Fig. 2B ; Supplemental Fig. 5B ). cyp1a1 mRNA, known to be induced by PTU treatment ) and oxidative stress (Wu et al. 2009 ), was increased significantly in PTU-treated morphants compared with treatment with PTU alone (Fig. 2C ). Thus, in zebrafish embryos, PTU synergizes with miR-451 deficiency to potentiate oxidant stress and induce anemia. Accordingly, anti-oxidant activities of miR-451 are conserved in mice and zebrafish.
FoxO3-regulated activity is inhibited in miR-144/451 À/À mice
To investigate the effects of miR-144/451 on erythropoiesis, we compared the transcriptomes of wild-type and mutant bone marrow erythroblasts (Fig. 3) . We purified cells according to expression of developmental markers CD71, Ter119, and FSC ( Fig. 3A ; Liu et al. 2006) , and compared mRNA transcripts in identical populations (Ter119 + /CD71 + /FSC high ) from three mice of each genotype using the Affymetrix GeneChip Mouse Genome 430 2.0 Array, which interrogates ;16,000 unique genes. Most (15 out of 17) erythroid marker genes, including a-globin and b-globin, were expressed similarly in wildtype and mutant cells, indicating that the samples were of similar developmental stages (Fig. 3B) . Overall, 1037 mRNA transcripts differed significantly (SAM P-value, <0.01) in expression between wild-type and mutant cells. 39UTR matches to the seed sequence of miR-144 or miR-451, calculated as described previously (Dore et al. 2008) , are relatively enriched for transcripts that are up-regulated in mutant erythroblasts compared with genes that are unchanged or down-regulated. Specifically, miR-451 seed sequence matches are present in 27out of 660 (4.1%) up-regulated mRNAs compared with 188 out of 15,285 (1.2%) of mRNAs that are repressed or unchanged (odds ratio = 3.42; P = 2.7e-7). Likewise, miR-144 seed sequence matches are present in 16 out of 660 (2.4%) up-regulated mRNAs compared with 190 out of 15,285 (1.2%) of mRNAs that are repressed or unchanged (odds ratio, 1.97; P = 0.02). Only 140 transcripts differed more than twofold between wild-type and mutant erythroblasts, consistent with the general concept that miRNAs produce many relatively small changes in gene expression to fine-tune tissue development or physiology (Lim et al. 2005; Flynt and Lai 2008) . Analysis of differentially expressed transcripts using the database for annotation, visualization, and integrated discovery (DAVID) (Dennis et al. 2003 ) revealed alteration of numerous Gene Ontology categories (Supplemental Table 2 ), suggesting that loss of miR-144/451 affects multiple aspects of erythropoiesis.
We used the transcriptome study to investigate susceptibility to oxidant stress conferred by loss of miR-144/ 451. We focused on the activity of transcription factor FoxO3 for several reasons. First, FoxO3 is a master regulator of anti-oxidant responses in numerous tissues, including erythroid (Kops et al. 2002; Marinkovic et al. 2007; Tan et al. 2008) . Second, catalase (Cat) and glutathione peroxidase 1 (Gpx1), which are directly regulated by FoxO3 (Nemoto and Finkel 2002; Marinkovic et al. 2007; Tan et al. 2008) , are repressed in miR-144/451 À/À erythroid cells (Figs. 1F, 3F ). Third, miR-451 targets Ywhaz, which encodes 14-3-3z, a phospho-serine/threonine-binding protein that negatively regulates FoxO3 activity (Brunet et al. 1999) . Of 18 known FoxO3 target genes, nine were repressed (SAM, P < 0.07) in miR-144/451 À/À erythroblasts (Fig. 3C) . Overall, these FoxO3 targets were significantly more repressed than 17 erythroid marker genes, indicating that the altered FoxO3 program is not simply due to differences in the developmental stages of the wild-type versus miR-144/451 À/À erythroblast populations analyzed (Fig. 3D) .
We next examined how loss of miR-144/451 affects the regulation of 299 genes whose expression was altered by induced FoxO3 activity in murine erythroblasts (Bakker (Fig. 3E ). In general, erythroid genes that were demonstrated previously to be FoxO3-induced were repressed in miR-144/451 À/À erythroblasts. Conversely, FoxO3-repressed genes tended to be up-regulated by loss of miR-144/451 (Fig. 3E) . Overall, our transcriptome analysis indicates that loss of miR-144/451 impairs the activity of FoxO3, which positively regulates anti-oxidant responses in erythroid cells.
Of note, the microarray findings may underestimate the extent of FoxO3 dysregulation. We profiled FSC high / Ter119 + /CD71 + erythroblasts, a developmental stage reflecting the onset of most FoxO3 activity during erythropoiesis (Marinkovic et al. 2007) . It is possible that the effects of FoxO3 impairment increase at later stages of erythroid maturation in the mutant animals. In support, the FoxO3-regulated anti-oxidant gene Cat (encoding catalase) is down-regulated to a lesser extent in miR-144/451 À/À FSC high /Ter119 + /CD71 + bone marrow erythroblasts compared with the total Ter119 + population of mutant cells, which contains more mature erythroid precursors ( Fig. 3C,F) . Another FoxO3 target, Gpx1, is expressed normally in mutant FSC high /Ter119 + /CD71 + erythroblasts, but is reduced by ;40% in the total Ter119 + population. These differences are not likely due to nonspecific alterations in cellular maturation, since wild-type and mutant Ter119 + erythroblasts exhibited similar distributions of developmental stage markers both before (Supplemental Fig. 3 ) and after immunomagnetic bead selection (data not shown). Also note that some FoxO3-regulated genes are not repressed in mutant erythroblasts (Fig. 3C, E, F) . This probably reflects partial reduction of FoxO3 with varying dosage requirements at specific target genes (discussed in the next section).
Reduced nuclear accumulation of FoxO3 in miR-144/451
À/À erythroblasts
We investigated how FoxO3 activity might be altered by loss of miR-144/451. FoxO3 mRNA and protein levels are similar in mutant erythroblasts compared with a stagematched population of wild-type control cells (Fig. 4A,B) . The activity of FoxO3 is modulated largely through regulated subcellular localization that occurs in response À/À erythroblasts. The plots show distribution of expression difference between wild-type and mutant mice for the categories indicated on the X-axis. The plot labeled ''neither'' reflects all erythroblast genes (n = 15,945), excluding the 17 erythroid markers and 18 FoxO3 targets analyzed in the other plots. Individual genes are marked as diamonds, with locations jittered horizontally to reduce overlapping. The Y-axis shows differential gene expression between wild-type and miR-144/451 À/À erythroblasts. P-values (t-test): neither versus erythroid marker, 0.03; neither versus FoxO3 targets, 0.003; erythroid marker versus FoxO3 targets, 0.04. (E) Loss of miR-144/451 inhibits erythroid FoxO3 activity. The X-axis indicates genes that were induced (n = 50) or repressed (n = 172) after activation of FoxO3 in erythroid cells, according to a previous study (Bakker et al. 2007 ). The bar marked ''neither'' represents the entire cohort of expressed mRNAs detected in the current study minus FoxO3-induced and FoxO3-repressed genes detected by Bakker et al. (2007) . The plots show the distribution of expression difference in erythroblasts from wild-type versus miR-144/ 451 À/À mice for the categories indicated on the X-axis. to various stresses and cytokine signaling pathways (for review, see Huang and Tindall 2007) . Therefore, we investigated whether loss of miR-144/451 alters FoxO3 localization in erythroid cells.
We purified Ter119 + splenic erythroblasts by magnetic bead selection, immobilized the cells on polylysinecoated glass slides, and examined FoxO3 subcellular localization by quantitative immunofluorescence confocal microscopy (Fig. 4C,D) . Wild-type and mutant Ter119 + erythroblasts used for this analysis exhibit similar CD71/Ter119/FSC profiles (Supplemental Fig. 4 ) and express similar levels of a-globin protein (Fig. 5B,C) , indicating that they represent developmental stagematched populations. In wild-type Ter119 + erythroblasts, FoxO3 colocalized predominantly with the nuclear stain DAPI (Fig. 4C, top panels) , as reported previously (Marinkovic et al. 2007 ). In contrast, miR-144/451 À/À erythroblasts tended to exhibit increased cytoplasmic distribution of FoxO3 (Fig. 4C , bottom panels). Quantitative imaging analysis demonstrated that the nuclear:cytoplasmic ratio of FoxO3 immunostaining was reduced by approximately one-third in miR-144/451 À/À erythroblasts relative to their wild-type counterparts (Fig. 4D) .
The confocal immunofluorescence microscopy data indicated that loss of miR-144/451 inhibits nuclear accumulation of FoxO3. We sought to verify these findings using an independent method. We isolated total hematopoietic cells from bone marrow and stained them with antibodies against CD71 and Ter119. The cells were then fixed, permeabilized, and stained with an anti-FoxO3 antibody that recognizes a different epitope than the antibody used for confocal immunofluorescence microscopy. The stained cells were analyzed using an ImageStream, which performs simultaneous high-throughput flow cytometry and individual cell image acquisition to quantify the intensities and subcellular location of fluorescent probes (George et al. 2006) . This allowed us to compare the nuclear:cytoplasmic distributions of FoxO3 staining in statistically significant numbers of stagematched (Ter119 + and CD71 + ) erythroblasts derived from wild-type and miR-144/451 À/À mice. Representative images and quantitative analysis are shown in Figure 4 , E + erythroblasts from miR-144/ 451 À/À (À/À, n = 11) mice and wild-type (wt, +/+, n = 8) agematched controls. Wild-type mRNA levels were assigned an arbitrary relative value of 1. The Y-axis shows relative expression. mRNA levels were normalized to those of Gapdh. Figure 4F shows that the similarity score for FoxO3 and the nuclear stain DAPI is lower in miR-144/451 À/À erythroblasts compared with controls, indicating reduced nuclear localization of FoxO3, in agreement with the confocal immunofluorescence studies. Similar results were obtained using spleen erythroblasts (data not shown). Thus, two independent experimental approaches using different antibodies show that loss of miR-144/451 reduces nuclear accumulation of FoxO3. miR-451 targets Ywhaz mRNA to inhibit 14-3-3z protein expression
The bioinformatic algorithm TargetScan (Lewis et al. 2005) identifies Ywhaz/14-3-3z mRNA as a potential miR-451 target. We noted that Ywhaz/14-3-3z is a potential effector of FoxO3 subcellular localization. Specifically, the AKT/PKB serine-threonine kinase phosphorylates FoxO3 on three conserved residues, which creates binding sites for the 14-3-3 family of adaptor proteins (for reviews, see Huang and Tindall 2007; Calnan and Brunet 2008) . The resultant FoxO3:14-3-3 protein complex is shuttled to the cytoplasm, thereby inhibiting FoxO3 activity. In addition, 14-3-3z activates AKT by stimulating the formation of upstream cytokine signaling complexes (Barry et al. 2009 ). These prior findings raise the possibility that loss of miR-451 derepresses 14-3-3z protein production, which in turn inhibits FoxO3 activity by reducing its nuclear accumulation. Therefore, we investigated whether miR-451 regulates 14-3-3z level.
miR-451 exhibits partial complementarity to the 39UTR of Ywhaz/14-3-3z mRNAs of multiple species, particularly in the seed sequence region, an important determinant of miRNA-target mRNA interactions (Fig.  5A) . Overexpression of miR-451 by retroviral transfer into two different erythroid lines, G1E and MEL, specifically reduced 14-3-3z protein expression (Supplemental Fig.  6A,B) . Conversely, in miR-144/451 À/À mice, 14-3-3z protein expression was increased by about sixfold and twofold in magnetic bead-purified Ter119 + erythroblasts from bone marrow ( Fig. 5B; Supplemental Fig. 6C ) and spleen ( Fig. 5C; Supplemental Fig. 6C ), respectively. Note that a-globin protein levels are similar in wild-type and mutant Ter119
+ erythroblasts, indicating that the two populations are stage-matched. Thus, in erythroid cells, Ywhaz/14-3-3z protein expression correlates inversely with miR-451 levels.
Ywhaz is the only 14-3-3 mRNA up-regulated in miR-144/451 erythroblasts (Supplemental Fig. 7A ; Patrick et al. 2010) . Western blot analysis using isoform-specific antibodies with recombinant protein standards shows + cells were purified from bone marrow, and whole-cell lysates were analyzed by Western blotting with the indicated antibodies. The ''pan'' antibody recognizes all seven 14-3-3 isoforms, while the z antibody is isoform-specific (Supplemental Fig. 7B ). Representative studies from two mice of each genotype are shown. Quantitative image analysis from multiple experiments are shown in Supplemental Figure 6C . (C) Increased 14-3-3z and total (''pan'') 14-3-3 proteins in splenic miR-144/451 À/À erythroblasts relative to wild-type (+/+) controls. Western blotting was performed as described for B. (D) Increased phosphorylation of AKT (S473) in miR-144/ 451 À/À erythroblasts. Ter119 + cells were purified, and whole-cell lysates were analyzed by Western blot using the indicated antibodies. AKT1-2-3 indicates total AKT protein, while p-AKT indicates activated phosphorylated form. Representative results are shown from two mice of each genotype. (E) Interaction between miR-451 and the 14-3-3z 39UTR inhibits expression of a linked reporter gene. Firefly luciferase cDNA was fused to the normal 39UTR of 14-3-3z cDNA or two mutant versions (mtA and mtB) containing 3-base-pair (bp) and 5-bp mutations within the region complementary to miR-451 seed sequence. The reporter constructs were cloned into an expression vector and transfected into 293T cells along with a miR-451 expression construct and a constitutively active Renilla luciferase control plasmid. Luciferase activities were determined 24 h post-transfection. The bars in the right panel indicate firefly/ Renilla luciferase activity, with levels from reporter vector lacking the 14-3-3z 39UTR assigned an arbitrary value of 1. Numbers to the right of the bars indicate relative ratio of firefly luciferase activity. Results indicate the average of three separate experiments. that 14-3-3z is the predominant isoform expressed in miR-144/451 À/À erythroblasts (Supplemental Fig. 7B,C) . Moreover, Western blot analysis using a ''pan'' antibody that recognizes all 14-3-3 isoforms roughly equally showed significant increase of total 14-3-3 protein in miR-144/451 À/À erythroblasts, paralleling the findings obtained with the 14-3-3z isoform-specific antibody (Fig.  5B,C) . Together, these findings indicate that total 14-3-3 activity is increased in the mutant erythroblasts via derepression of the z isoform. Increased phospho-AKT was present in miR-144/451 À/À erythroblasts, consistent with prior studies showing that overexpressed 14-3-3z activates AKT ( Fig. 5D ; Brunet et al. 1999; Danes et al. 2008; Barry et al. 2009 ). In contrast, there was no accumulation of phospho-Stat-5 or ERK (data not shown). Thus, enhanced phospho-AKT accumulation is not likely due to overactive signaling from the erythropoietin receptor (EpoR).
To investigate further whether miR-451 regulates Ywhaz/14-3-3z mRNA directly, we linked the 39UTR to the protein-coding region of luciferase cDNA, and transfected this reporter, along with the miR-451 expression construct, into 293T cells. Fusion of the Ywhaz/14-3-3z 39UTR to luciferase cDNA decreased enzymatic activity in transfected cells by >50-fold, presumably reflecting decreased luciferase protein expression (Fig. 5E ). This effect was abrogated by 39UTR mutations that specifically inhibit interaction with the seed sequence of miR-451. Thus, miR-451 inhibits erythroid 14-3-3z protein expression by interacting directly with its mRNA.
Enforced expression of 14-3-3z inhibits nuclear accumulation and activity of FoxO3
We tested whether failure to repress 14-3-3z is sufficient to inhibit nuclear accumulation of FoxO3 during erythroid maturation. We used the MIGR1 retroviral vector to express a miR-451-resistant form of Ywhaz/14-3-3z cDNA in G1E-ER4 cells, a Gata1 À erythroblast line that stably expresses a conditionally active GATA-1/estrogen receptor (ER) fusion protein ( Fig. 6A ; Gregory et al. 1999) . When G1E-ER4 cells are treated with estradiol, GATA-1 becomes activated, triggering terminal erythroid maturation, as evidenced by characteristic changes in morphology and gene expression (Welch et al. 2004 ). In control G1E-ER4 cells, 14-3-3z protein decreased by about twofold to threefold at 36 h after GATA-1-induced maturation (Fig. 6A, lanes 1,2) . This effect is due, at least in part, to the inhibitory effects of miR-451, which is strongly induced by GATA-1 (Supplemental Fig. 9A ; Dore et al. 2008) . In the absence of GATA-1 activity (no estradiol present), MIGR1-Ywhaz-transduced G1E-ER4 cells expressed higher levels of 14-3-3z compared with vectortransduced control cells (Fig. 6A, top panel, lanes 1,3) , and the protein failed to be down-regulated after GATA-1 activation (Fig. 6A, top panel, lanes 3,4) . Transduction with 14-3-3z-expressing retrovirus also increased total 14-3-3 protein detected by the ''pan'' antibody. Enforced expression of 14-3-3z did not impair miR-451 induction during erythroid maturation of G1E-ER4 cells (Supplemental Fig.  9A ). We next examined how constitutively expressed 14-3-3z Enforced expression of 14-3-3z blocks nuclear accumulation of FoxO3 during erythroid maturation. G1E-ER4 is a Gata1 À erythroblast line stably expressing GATA-1/ER. Treatment with estradiol (E2) activates GATA-1/ER, inducing terminal erythroid maturation. G1E-ER4 cells were infected with retrovirus encoding a miR-451-resistant 14-3-3z cDNA or empty control vector (MIGR1-puro). Pools of transduced cells were selected by treatment with puromycin. Western blot analysis was performed for the indicated proteins in whole-cell lysates and nuclear extracts at baseline and 36 h after estradiol-induced erythroid maturation. Note that FoxO3 normally redistributes to the nucleus upon erythroid maturation (nuclear expression in lanes 1,2). This is inhibited by enforced expression of miR-451-resistant 14-3-3z. (Lanes 3,4) Quantitative analysis of three independent experiments are shown in Supplemental Figure  9B. (B) 14-3-3z inhibits nuclear accumulation of FoxO3 in NIH3T3 cells. Cells were infected with retrovirus encoding miR-451-resistant 14-3-3z mRNA or MIGR1-puro empty vector. FoxO3 levels in nucleus and cytoplasm were analyzed by Western blot. HDAC2 and actin are loading controls. Quantitative analyses of three independent experiments are shown in Supplemental Figure 9C . (C) 14-3-3z inhibits FoxO3 activity. Reporter plasmids consisting of five wild-type (wt) or five mutant (mut) FoxO3-binding sites fused to firefly luciferase cDNA were transfected into NIH 3T3 cells along with a FoxO3 cDNA expression construct and varying amounts of 14-3-3z cDNA, as indicated on the X-axis. The SV40-luciferase reporter represents a FoxO3-independent control. Firefly luciferase activity was measured 36 h after transfection. Relative reporter activities normalized to the activity of a cotransfected Renilla luciferase control plasmid are indicated on the Y-axis. Cold Spring Harbor Laboratory Press on September 7, 2017 -Published by genesdev.cshlp.org Downloaded from affects nuclear localization of FoxO3. In vector-transduced G1E-ER4 cells, FoxO3 accumulated in the nucleus during GATA-1-induced maturation (Fig. 6A, bottom panel, lanes  1,2) , similar to what occurs during erythroid maturation in vivo (Marinkovic et al. 2007 ). These Western blot findings were verified by ImageStream flow cytometry analysis (Supplemental Fig. 8) . However, nuclear accumulation of FoxO3 during G1E-ER4 cell erythroid maturation was significantly inhibited by enforced expression of 14-3-3z (Fig. 6A, bottom  panel, lanes 2,4; Supplemental Fig. 9B ).
Enforced expression of 14-3-3z also altered FoxO3 nuclear localization in nonerythroid cells. NIH 3T3 cells infected with retrovirus encoding Ywhaz/14-3-3z expressed approximately twofold elevated 14-3-3z protein (Fig. 6B, lanes 1,2,5,6) . Concomitantly, the level of nuclear FoxO3 protein was consistently reduced by ;50% (Fig. 6B, lanes 3,4; Supplemental Fig. 9C ), while total cellular FoxO3 was unchanged (Fig. 6B, lanes 5,6 ). Next, we tested whether 14-3-3z levels affect FoxO3 transcriptional activity by using a reporter plasmid in which five FoxO3-binding sites are linked to a luciferase cDNA. This reporter was transfected into NIH 3T3 cells along with a FoxO3 cDNA expression plasmid, resulting in significant luciferase activity that was dependent on intact FoxO3-binding sites (Fig. 6C) . Cotransfection of a 14-3-3z cDNA expression plasmid caused dose-dependent decreases in reporter activity, consistent with reduced FoxO3 nuclear localization demonstrated in Figure 6B . This effect was specific, as overexpressed 14-3-3z did not inhibit the expression of pSV40-luciferase, a FoxO3-independent reporter plasmid. Overexpressed 14-3-3z increased the level of phospho-(activated)-Akt ( Fig. 6D ; Supplemental Fig. 10) , consistent with prior studies (Brunet et al. 1999; Danes et al. 2008; Barry et al. 2009 ) and our observation that Akt activation is increased in miR-144/451 À/À erythroblasts (Fig. 5D) . Together, these studies show that mild (approximately twofold) overexpression of 14-3-3z protein is sufficient to partially inhibit FoxO3 nuclear accumulation both during erythroid maturation and in nonerythroid cells. This is consistent with our findings in primary miR-144/451 À/À erythroblasts, which exhibit approximately twofold to sixfold elevated 14-3-3z ( Fig. 5B,C; Supplemental Fig. 6C ) and impaired accumulation of nuclear FoxO3 (Fig. 4) .
shRNA knockdown of 14-3-3z confers resistance to oxidative stress, and restores catalase activity in miR-144/451 À/À erythrocytes
We isolated hematopoietic stem/progenitor cells from miR-144/451 À/À mice, infected them with retrovirus expressing shRNAs against either Ywhaz/14-3-3z mRNA or luciferase RNA as control, and transplanted them via intravenous injection into lethally irradiated miR-144/ 451 À/À hosts (Fig. 7A) . The retroviral vector also expressed GFP to track infected cells. Bone marrow erythroid progenitors expressing Ywhaz/14-3-3z shRNA exhibited ;80% reduction in the corresponding mRNA (Fig. 7B) . Approximately 20%-30% of circulating erythrocytes were GFP + , and therefore originated from retrovirally infected donor (miR-144/451 À/À ) progenitors, while GFP À erythrocytes originated from uninfected donor cells or miR-144/451 À/À host cells. Mutant erythrocytes were hypersensitive to lysis after in vitro treatment with H 2 O 2 , as measured by a flow cytometry-based assay (Fig. 7C, far left panels) , in agreement with data shown in Figure 1E . This phenotype was rescued specifically in erythrocytes derived from miR-144/451 À/À progenitors transduced with Ywhaz/14-3-3z shRNA (Fig. 7C, graphs in middle and right panels) . We used flow cytometry to fractionate erythrocytes derived from retrovirally infected miR-144/451 À donor cells (GFP + ) from uninfected ones (GFP À ), and compared their levels of catalase activity. Knockdown of 14-3-3z in mutant hematopoietic progenitors increased catalase activity in mature erythrocyte progeny by ;60% relative to GFP À control cells from the same mice. In contrast, introduction of luciferase shRNA had no effect on catalase activity (Fig. 7D) . Thus, reducing 14-3-3z expression in miR-144/ 451 À/À hematopoietic progenitors enhanced erythrocyte resistance to H 2 O 2 lysis and restored the activity of catalase, which derives from a key FoxO3 target gene.
Discussion miR-144/451 is strongly induced during erythropoiesis in zebrafish, mice, and humans (Kloosterman et al. 2006; Choong et al. 2007; Masaki et al. 2007; Zhan et al. 2007; Dore et al. 2008; Du et al. 2009 ), and artificial manipulation of these miRNAs alters erythroid maturation in several experimental models (Zhan et al. 2007; Dore et al. 2008; Pase et al. 2009; Papapetrou et al. 2010 ). Here we report the consequences of miR-144/451 ablation in mice, and further investigations into the effects of miR-451 depletion in zebrafish. In both instances, deficiencies of these miRNAs produced relatively mild erythroid phenotypes that were exacerbated upon exposure to oxidant drugs. These findings are consistent with the emerging concept that many mammalian miRNAs are not essential for tissue formation, but rather, fine-tune physiological functions and/or protect against various stresses (Li et al. 2007; van Rooij et al. 2007; Williams et al. 2009 ).
While this study was under review, two groups reported that processing of miR-451 precursor RNA is independent of Dicer, but requires Ago2 endonuclease activity Cifuentes et al. 2010 ). Mice homozygous for a missense mutation that inactivates Ago2 endonuclease express no mature miR-451, and die at birth with moderately severe anemia. Our current findings, along with those of Patrick et al. (2010) , indicate that the relatively severe phenotype caused by loss of Ago2 endonuclease activity cannot be explained entirely by loss of miR-451, which at baseline causes only mild erythroid defects and no lethality. Thus, additional in vivo requirements for Ago2 catalytic activity must exist.
Our transcriptome data indicate that the miR-144/451 gene modulates numerous cellular processes through multiple target mRNAs. Here we focus on a single important target gene and an associated signaling pathway that regulates, at least in part, the ability of miR-451 to protect against oxidant stress. Specifically, we show that miR-451 targets Ywhaz/14-3-3z mRNA to inhibit its expression. Loss of miR-451 causes 14-3-3z protein to accumulate in erythroid precursors, thereby activating AKT and impairing the transcriptional activity of FoxO3, a key positive regulator of anti-oxidant genes. AKT is responsive to many signals, and may also be activated in miR-144/451 À/À erythroblasts through additional mechanisms that are 14-3-3-independent. It is also likely that derepressed 14-3-3z alters other aspects of erythropoiesis, given the interactions of this adaptor protein with multiple hematopoietic cytokine receptor signaling pathways (Stomski et al. 1999; Brummer et al. 2008; Barry et al. 2009 ). In agreement, Patrick et al. (2010) , found that deregulated 14-3-3z expression inhibits erythroid maturation in fetal livers of miR-451 À/À embryos. Patrick et al. (2010) , also determined that loss of miR-451 alone confers susceptibility to PHZ-induced hemolysis, suggesting that this miRNA has the predominant role in protection against oxidant stress in the miR-144/451 À/À mice described here. Together, our findings and those of Patrick et al. (2010) demonstrate that Ywhaz/14-3-3z is a key biologically relevant miR-451 target gene.
Erythroid cells are particularly sensitive to oxidant stresses and contain numerous relevant defenses, including FoxO3-regulated anti-oxidant enzymes (Marinkovic et al. 2007 ). In early-stage erythroid precursors, signaling via the Kit receptor and, to a lesser extent, the EpoR activate AKT, which phosphorylates FoxO3 (Bakker et al. 2004 (Bakker et al. , 2007 . This facilitates binding to 14-3-3 proteins, which inhibit FoxO3 activity by transporting it out of the nucleus (for review, see Huang and Tindall 2007) . Sequential declines in Kit and EpoR signaling during normal erythroid maturation permit FoxO3 to enter the nucleus and activate its anti-oxidant program. Our current data demonstrate that miR-451 facilitates FoxO3 actions during terminal erythropoiesis by inhibiting the production of 14-3-3z. Overexpressed 14-3-3z, as observed upon loss of miR-451, could inhibit FoxO3 nuclear accumulation through at least two mechanisms (Fig. 7E) . First, 14-3-3z binds phosphorylated FoxO3 to physically facilitate its nuclear export. Second, 14-3-3z promotes activation of AKT (Brunet et al. 1999; Danes et al. 2008; Barry et al. 2009 ), which in turn phosphorylates FoxO3 to create 14-3-3 docking sites. 14-3-3 proteins represent a family of seven related members that bind phospho serine/ threonine motifs of numerous proteins (Mackintosh 2004) . While different 14-3-3 proteins exhibit functional overlap, we show that z is the major isoform expressed in À and GFP + erythrocytes of transplanted mice. Catalase activity in GFP À cells from mice transplanted with shLuc-transduced bone marrow was normalized to an arbitrary value of 1. n = 3 mice from each group. (**) P < 0.01 (t-test). Representative results from one of three independent experiments are shown. (E) Model for miR-451 enhancement of FoxO3 activity via repression of 14-3-3z. The serine-threonine kinase AKT phosphorylates FoxO3, which then binds 14-3-3z to promote transport from nucleus to cytoplasm. 14-3-3z also stimulates AKT activation by promoting the formation of an upstream Shc-PI3 kinase signaling complex (not shown in the figure) . miR-451 stimulates FoxO3 nuclear localization by directly repressing 14-3-3z mRNA.
miR-144/451
À/À erythroid precursors ( Fig. 5C ,B; Supplemental Fig. 7) . Thus, enhanced synthesis of 14-3-3z caused by loss of miR-451 induces a significant rise in total erythroid 14-3-3 activity, which partially inhibits FoxO3. FoxO3 À/À mice exhibit relatively minor erythroid abnormalities at baseline, but are exquisitely sensitive to oxidant hemolysis (Marinkovic et al. 2007 ). The miR-144/451 À/À erythroid phenotype is similar, although less severe, with only a subset of FoxO3-regulated transcripts dysregulated (Fig. 3C-F) . This likely reflects partial attenuation of FoxO3 activity with distinct dosage thresholds for different target genes.
Previously, two groups (Dore et al. 2008; Du et al. 2009 ) observed that MO-induced miR-451 deficiency causes severe anemia in zebrafish embryos, while a third group (Pase et al. 2009 ) reported a milder phenotype resulting from similar experiments. Here we resolve this apparent discrepancy by showing that PTU, which was included specifically in our prior study (and presumably was also used by Du et al. 2009 ), synergizes with miR-451-MO to induce severe anemia via enhanced oxidant stress. Our findings that PTU can influence experimental results raise caution about its routine use to enhance transparency of zebrafish embryos, certainly in studies to investigate oxidant stress. Nonetheless, the effects of this drug observed in our current work indicate that the anti-oxidant activities of miR-451 are deeply conserved in evolution. In contrast, miR-451 targets transcription factor gata2 in zebrafish (Pase et al. 2009 ), while levels of the corresponding mRNA and protein are normal in murine miR-144/ 451 À/À erythroblasts (data not shown). These findings are consistent with studies showing that, even while miRNAs and their general functions are commonly conserved throughout evolution, specific target genes frequently differ between species (Chen and Rajewsky 2007) .
Our findings also raise new questions. Papapetrou et al. (2010) used lentivirus to express specific inhibitory miR-144 and miR-451 decoys to inhibit their activities in murine hematopoietic stem cells, and then studied their developmental potential after transplantation into irradiated mice. In these experiments, deficiency of either miRNA inhibited erythropoiesis to a significantly greater extent than we observed in miR-144/451 À/À spleen or bone marrow. Several technical and biological explanations could explain this difference. For example, miRNA decoys may exert off-target effects by inhibiting additional miRNAs, although miR-144 or miR-451 homologs are not apparent in database searches. It is also possible that stresses associated with irradiation, bone marrow transplantation, and/or overexpression of ssRNAs somehow exacerbate the erythroid effects of decoy-mediated miR-144 and miR-451 deficiency, similar to what we observed for the combination of PTU and miR-451 MO in zebrafish. In any case, these contrasting results indicate that the biological effects of miRNA manipulation are highly influenced by experimental approaches, and that, in general, the greatest level of understanding requires multiple investigative modalities.
The miR-451-14-3-3z-FoxO3 regulatory axis identified here has potentially interesting and medically relevant implications beyond erythropoiesis. For example, a preliminary study reports that miR-451 confers resistance to ischemic and oxidant injuries in cardiomyocytes ). As FoxO3 regulates anti-oxidant functions in the heart (Chiribau et al. 2008; Tan et al. 2008 ), miR-451 may protect against oxidant/hypoxic stresses through common mechanisms in cardiac and erythroid tissues. miR-451 is also expressed in various cancers, and is linked both positively and negatively to malignant progression and chemosensitivity (Gal et al. 2008; Kovalchuk et al. 2008; Bandres et al. 2009; Godlewski et al. 2010) , reflecting the concept that miRNA actions are cell contextdependent. miR-451 is reported to both inhibit and promote growth of glioma cells (Gal et al. 2008; Kovalchuk et al. 2008) . Down-regulation of miR-451 in gastric epithelial cancers is associated with decreased survival (Bandres et al. 2009 ). FoxO3 functions as a tumor suppressor, which inhibits mitosis and promotes apoptosis in specific cellular contexts (Yang and Hung 2009) . Moreover, 14-3-3z is overexpressed in numerous cancers, where it regulates pathogenesis by inhibiting apoptosis induced by stress-activated kinase pathways or epithelial detachment from cellular basement membranes (anoikis) (Jang et al. 2004; Danes et al. 2008; Li et al. 2008; Niemantsverdriet et al. 2008 ). Accordingly, miR-451 may exert anti-oncogenic properties by suppressing 14-3-3z directly and/or indirectly activating FoxO3. In preliminary studies, we did not observe increased death rates in miR-144/451 À/À mice of up to 1 yr of age. Thus, these miRNAs are not likely to represent potent tumor suppressors by themselves, at least in mice. Downregulation of miR-451 may interact with other genetic aberrations to enhance or forestall the progression of different malignancies. It should now be possible to manipulate miR-144/451 À/À mice to test the functions of this locus in nonerythroid tissues during stress and tumor formation.
Materials and methods
Animals and genotyping
A 388-base-pair segment of genomic DNA containing both the pre-miR-144 and pre-miR-451 regions was deleted by homologous recombination in embryonic stem cells (Supplemental Fig.  1A ; Supplemental Material). The Institutional Animal Care and Use Committee of the Children's Hospital of Philadelphia approved all experiments.
Cells
G1E and G1E-ER4 erythroid cells were cultured as described (Gregory et al. 1999) . NIH 3T3 cells were grown in DMEM supplemented with 10% serum and sodium pyruvate.
Antibodies
Flow cytometry antibodies were purchased from BD Biosciences: APC rat anti-mouse Ter119 (catalog no. 557909) and PE or FITC rat anti-mouse CD71 (catalog no. 553267 or 553266, respectively). For Western blots the following antibodies were used: HDAC2 (H-54, SC-7899, Santa Cruz Biotechnology), GAPDH (FL-385, SC-25778, Santa Cruz Biotechnology), PCNA (C-20, SC-9857, Santa Cruz Biotechnology), 14-3-3z (C-16, SC-1019, Santa Cruz Biotechnology), Pan 14-3-3 (K-19, SC-629, Santa Cruz Biotechnology), 14-3-3e (SC-130547, Santa Cruz Biotechnology), 14-3-3b (SC-628, Santa Cruz Biotechnology), 14-3-3h (SC-17286, Santa Cruz Biotechnology), AKT1-2-3 (H-136, SC-8312, Santa Cruz Biotechnology), p-AKT (Ser473, 587F11, Cell Signaling), Actin (clone AC-15, A3854, Sigma). Two different FoxO3 antibodies were used: 07-702 (Upstate Biotechnologies), a polyclonal antibody that recognizes an epitope corresponding to amino acids 330-673; and 75D8 (Cell Signaling), a monoclonal antibody that recognizes an epitope corresponding to amino acids around Glu50. Rabbit anti-mouse a-globin serum was prepared against full-length recombinant protein, and was used at a dilution of 1:5000 for Western blots.
Hematological studies
Complete blood counts were determined using the ADVIA 120 hematology analyzer. For PHZ treatment, 180 mg/kg 1-acetyl-2-PHZ (Sigma) was injected intraperitoneally on two consecutive days. Serial hematocrit levels were determined by standard methods after removing 15-20 mL of blood from the tail. Heinz body staining was performed as described (Stamatoyannopoulos et al. 1974) . Methylcellulose colony assays were performed using standard methods. BFU-e cultures contained 2 U/mL human erythropoietin (Amgen), and 100 ng/mL SCF (R&D Systems). BSO (Sigma) was dissolved in water immediately before use and added to the cultures at the indicated concentrations before plating.
Measurement of ROS
Tail blood was collected into heparin-coated capillary tubes and transferred to microfuge tubes. Peripheral blood cells (10 7 ) were incubated with 10 mM 29,79-dichlorofluorescin (DCFH-DA; Invitrogen) for 20 min at 37°C, and were treated with H 2 O 2 for another 20 min at 37°C. Fluorescence intensity was measured by flow cytometry.
H 2 O 2 -induced hemolysis
For the experiment in Figure 1E , erythrocytes were washed, resuspended at 2% packed cell volume in PBS with 20 mM glucose, and incubated for 12 h with H 2 O 2 in a standard tissue culture incubator (37°C, 20% O 2 , 5% CO 2 ). The cells were removed by centrifugation, and hemoglobin released into the supernatant was quantified by measuring light absorbance at 540 nm. One-hundred percent hemolysis was defined according to the amount of hemoglobin released after incubating the same concentration of erythrocytes with distilled water. To measure H 2 O 2 -induced lysis by flow cytometry (Fig. 7C) , washed cells were incubated in H 2 O 2 for 3 h, then FSC and side scatter were analyzed on GFP-gated cells using flow cytometry.
Catalase activity
Erythrocyte catalase activity was determined using the Catalase Assay Kit (Calbiochem) and normalized to hemoglobin concentration (OD 570 nm) within cell lysates.
Zebrafish studies
Antisense MOs directed against zebrafish miR-451 (miRBase accession no. MIMAT0001634) were synthesized and injected into embryos as described previously (Dore et al. 2008) . Zebrafish embryos were treated with 100 mM NAC and/or 13 PTU work solution (1003 stock = 0.3% [w/v] for a final working solution of 0.003%).
Purification of Ter119
+ erythroid cells
Bone marrow and spleen erythroblasts were purified by magnetic sorting using the MACS-based separation system (Miltenyi Biotec). The enrichment, purity, and maturation stage of magnetic bead-purified cells were determined by analyzing the expression of Ter119 and CD71 surface antigens using flow cytometry.
Microarray analysis
+ /FSC-high bone marrow cells from miR-144/ 451 À/À mice and wild-type controls were purified by flow cytometry and deposited directly into Trizol LS reagent (Invitrogen). Samples were processed for microarray analysis using the GeneChip Mouse Genome 430 2.0 Array (Affymetrix, Inc.) by the microarray core facility at the University of Pennsylvania, and were analyzed as described in Supplemental Material. Raw microarray findings are deposited in Gene Expression Omnibus (GEO), accession number GSE21041.
Enforced expression of miRNAs and 14-3-3z
Construction of retroviral expression vectors, transduction of cells, and Northern blots are described in the Supplemental Material.
Image analysis of FoxO3 expression
Confocal microscopy and ImageStream analysis are described in the Supplemental Material.
Bone marrow transplantation
Bone marrow cells were harvested from miR-144/451 À/À mice (C57BL/6J), and were lineage-depleted with biotinylated rat antimouse antibodies including Ter119, Gr1, Mac1, B220, CD19, IL-7R, CD4, CD8, and CD5 (eBioscience), and Dynal sheep anti-rat magnetic beads (Invitrogen, . The Lin (À) cells were cultured in DMEM containing IL-3, IL-6, and SCF cytokines, and were infected twice with PIG-shLuc or PIG-shYwhaz/14-3-3z virus (Hemann et al. 2003) . On day 2, the cells were washed with PBS and 2 3 10 5 cells were injected retro-orbitally into 8-to 12-wk-old miR-144/451 À/À recipient mice that were irradiated previously with 10 Gy in two split doses of 5 Gy, 4 h apart.
